Abstract Exposure to 56 Fe particles produces changes in dopaminergic function and in dopaminedependent behaviors, including amphetamine-induced conditioned taste aversion (CTA) learning. Because many of these changes are characteristic of the changes that accompany the aging process, the present study was designed to determine whether or not there would be an interaction between age and exposure to 56 Fe particles in the disruption of an amphetamine-induced CTA. One hundred and forty F-344 male rats 2-, 7-, 12-, and 16-months old, were radiated with 56 Fe particles (0.25-2.00 Gy, 1 GeV/n) at Brookhaven National Laboratory. Three days following irradiation, the rats were tested for the effects of radiation on the acquisition of a CTA produced by injection of amphetamine (3 mg/kg, i.p.). The main effect of age was to produce a significant decrease in conditioning day sucrose intake; there was no affect of age on the acquisition of the amphetamine-induced CTA. Exposing rats to 56 Fe particles disrupted the acquisition of the CTA produced by injection of amphetamine only in the 2-month-old rats. These results do not support the hypothesis of an interaction between age and exposure to 56 Fe particles in producing a disruption of amphetamine-induced CTA learning. As such, these results suggest that the aging produced by exposure to 56 Fe particles may be endpoint specific.
Introduction
A conditioned taste aversion (CTA) is produced when a novel taste solution is paired with an unconditioned stimulus such that the organism will avoid intake of that solution at a subsequent presentation. The acquisition of a CTA can be influenced by a variety of factors, including the nature of the unconditioned stimulus (Glowa et al. 1994; Grigson and Freet 2000) , the strain (Glowa et al. 1994; Grigson and Freet 2000; Foynes and Riley 2004; Kosten et al. 1994; Lancellotti et al. 2001) , and the age Misanin et al. 2002a; Valliere et al. 1988) of the rat. Previous research, using lithium chloride (LiCl) to produce a CTA in rats, has shown that there are a series of age-related changes in CTA learning Misanin et al. 2002a, b; Valliere et al. 1988) . Overall, these studies indicate that older rats are more sensitive to the effects of pairing LiCl with a novel solution. Compared with younger rats, older rats are more likely to acquire a CTA across a range of CS-US intervals Ingram and Peacock 1980) , are more resistant to the extinction of the CTA (Guanowsky et al. 1983; Ingram and Peacock 1980) , and are less responsive to the disruptive effects of US pre-exposure on the acquisition of a CTA (Valliere et al. 1988) .
Exposing rats to heavy particles (HZE particles), a ground-based model for exposure to cosmic rays, disrupts the functioning of the dopaminergic system (Joseph et al. 1992 (Joseph et al. , 1993 and the behaviors that are dependent upon the integrity of that system (Joseph et al. 1992; Rabin et al. 1998 Rabin et al. , 2003 Shukitt-Hale et al. 2000 . In addition to the effects of irradiation on cognitive performance, exposure to 56 Fe particles disrupts the acquisition of an amphetamine-induced CTA, but does not affect the acquisition of a CTA produced by administration of lithium chloride (Rabin et al. 1998 . Because amphetamine is a dopamine agonist, the development of an amphetamineinduced CTA requires an intact dopamine system (Rabin et al. 1998) , and the disruption of dopaminergic function by heavy particle irradiation interferes with behaviors that are dependent upon the integrity of that system. Overall, the deficits observed following exposure to HZE particles are similar to those that are observed in old animals, which suggest that exposure to low doses of HZE particles produces "accelerated aging" (Joseph et al. 1992 (Joseph et al. , 1993 .
Because both the aging process (Baker et al. 1997; Friedman and Gerhardt 1992; Shukitt-Hale et al. 2002) and exposure to HZE particles disrupt dopaminergic function (Joseph et al. 1992 (Joseph et al. , 1993 , it is possible that there may be an interaction between age and irradiation, such that exposing older rats to lower doses of 56 Fe particles will interfere with the acquisition of an amphetamine-induced CTA. Previous studies have shown that exposing rats to doses of 56 Fe particles which do not affect operant performance in young rats (≈2 months of age) produces deficits in performance in older animals (Rabin et al. , 2005 . Similarly, lower doses of 56 Fe particles are needed with older rats to produce decreases in exploration of the open arms of the elevated plusmaze than are needed for younger rats (Rabin et al. 2007 ). Therefore, it is possible that a similar effect would be observed with CTA learning such that a lower dose of radiation would be required to disrupt amphetamine-induced CTA learning in older rats than in younger rats.
The purpose of the present experiment was to determine: (1) whether there were any systematic effects of age on the acquisition of an amphetamineinduced CTA in F-344 rats, as previously reported for LiCl-induced CTA learning; and (2) whether the effects of exposure to 56 Fe particles on amphetamine-induced CTA learning varied as a function of the age of the rat.
Materials and methods

Subjects
One hundred and forty Fischer-344 (F-344) male rats, aged 2, 7, 12 and 16 months (n=10 rats/dose) at the time of radiation, were obtained from the National Institute of Aging contract colonies. Although previous research on the effects of exposure to 56 Fe particles has utilized Sprague-Dawley (S-D) rats, F-344 rats were selected for this experiment because they are the standard strain used in aging studies.
The rats were housed in AAALAC-accredited facilities at Brookhaven National Laboratory (BNL). They were maintained on a 12-h light/dark cycle in a temperature and humidity controlled room. Food and water were continuously available except as required by the experimental protocol. The research protocol was approved by the Institutional Animal Care and Use of Committees of UMBC and BNL.
Radiation
Rats were exposed to 56 Fe (1 GeV/n) particles using the NASA Space Research Laboratory (NSRL) at BNL. At first, 7-and 16-month-old rats were exposed to 0.5 or 1.5 Gy of 56 Fe particles at a nominal dose rate of 1.0 Gy/min. The 2-(0.5, 1.5 or 2.0 Gy) and 12-month-old (0.25, 0.5 or 1.5 Gy) rats were exposed to 56 Fe particles 6 months following the first groups of rats. The control rats at each age (0 Gy) were not irradiated.
These radiation doses were selected in order to bracket doses that have been previously reported to be effective in altering the responsiveness of rats to injection of amphetamine. This research has shown that doses between 0.8 and 1.5 Gy of 56 Fe particles (1 GeV/n) disrupt the acquisition of an amphetamineinduced CTA in 2-month-old S-D rats . Therefore the doses for this experiment were intended to evaluate the effectiveness of both lower and higher doses of 56 Fe particles on CTA learning as a function of age.
During radiation, rats were placed in a wellventilated plastic restraining tube which restricted the movement of the rat. The plastic tube was placed perpendicular to the beam and positioned so that the head of the rats was in the center of the beam. As such, the rat's shoulders may have also received some radiation.
Procedure
Four days prior to irradiation, the rats were placed on a 23.5-h water deprivation schedule, which was maintained for the duration of the experiment. Three days after irradiation, on the conditioning day, the rats were presented with a single calibrated drinking tube containing a 10% sucrose solution for the 30-min drinking period, and intake measured. Immediately following the drinking period, all rats were injected with amphetamine (3 mg/kg, ip). Twenty-four hours later, on test day, the rats were again presented with a calibrated drinking tube containing the 10% sucrose solution for the 30-min drinking period, and intake was measured. A CTA is shown by a significant reduction in test-day sucrose intake in comparison with conditioning-day intake.
These particular experimental parameters were selected so that the results of the current experiments using F-344 rats would be consistent with the results of previous research using S-D rats. Specifically, the 3-day interval was selected because previous experiments on the effects of exposure to HZE particles (Joseph et al. 1992) had shown a maximal reduction in dopamine release 3 days following exposure to 56 Fe particles. In addition, research on the disruption of amphetamine-induced CTA learning has utilized a single injection of amphetamine on the conditioning day and a 24-h interval between conditioning and test days.
Statistical analyses
To evaluate the effects of exposure to 1 GeV/n 56 Fe particles on CTA learning, three separate analyses of variance (ANOVA) were performed: (1) a two-way ANOVA comparing conditioning and test day sucrose intake of the non-irradiated rats (0 Gy) across all the age groups; (2) a three-way ANOVA for the three doses (0 Gy, 0.5 Gy and 1.5 Gy) that were common to all four age groups; and (3) a series of two-way ANOVAs across all dose ranges within each individual age group. Post-hoc comparisons between individual groups of rats were made using the Fisher's protected t-tests.
Results
Figure 1 presents the effects of age on conditioning and test-day sucrose intake of young (2-and 7-months old), mature (12-months old) and adult (16-months old) non-irradiated rats. These data show that there is a decrease in conditioning-day sucrose intake as a function of age, and further decrease in test-day in- Fig. 1 Effects of age on conditioning-and test-day sucrose intake (ml) in non-irradiated rats. The control rats were taken to the accelerator but were not exposed to 56 Fe particles. Conditioning day was 3 days following this procedure. The rats were tested at different ages: young (2 and 7 months), mature (12 months) and adult (16 months) rats. Error bars indicate the standard error of the mean (s.e.m). a Significantly different (P<0.05) than age-dependent conditioning-day intake; b significantly different (P<0.05) than conditioning-day intake of the 2-month-old rats; c significantly different (P<0.05) than the test day intake of the 2-month old rats take at all ages following injection of amphetamine. The initial two-way ANOVA comparing the conditioning day intake with the test-day intake of the non-irradiated rats across all age groups indicated significant main effects for age (F[3,77] =34.35, P< 0.01), and for day (F[1,77] =266.03, P<0.01). The age by day interaction was not significant (F[3,77]= 0.44, P>0.10), indicating that the test day reduction in sucrose intake was observed in all groups of rats regardless of age.
Post-hoc comparisons indicated that at all ages there was a significant decrease in test-day intake compared with conditioning-day intake. In addition, compared with the sucrose intake of the 2-month-old rats, there were significant reductions in the intake of the 7-, 12-and 16-month-old rats on both conditioning and test days. There were no significant differences in conditioning and test-day sucrose intake between the latter three groups of rats. Figure 2 presents the effects of radiation on conditioning-and test-day sucrose intake as a function of age. Initially, a three-way ANOVA was performed for the doses (0 Gy, 0.5 Gy and 1.5 Gy) that were common to all four age groups. The results show that the main effects for age (F[3,113] Conditioning-and test-day sucrose intake (ml) as a function of dose and age of exposure/testing. a 2-month-old rats; b 7-month-old rats; c 12-month-old rats; d 16-month-old rats. The data for the non-irradiated rats is redrawn from Fig. 1 To provide a more detailed analysis of the relationship between age and exposure to 56 Fe particles, a series of two-way ANOVAs was run to analyze the effects of radiation at each age separately. At all ages, there was a significant decrease in test day sucrose intake compared with conditioning day intake (all P values<0.05). The main effect for dose was significant in the 2-, 12-and 16-month-old rats (all P values<0.05). However, only for the 2-and 16-month-old (F[3,35] = 6.86, P < 0.01; F[2,.27] = 6.41, P <0.01, respectively) rats was the day by dose interaction significant, indicating that the response of the rats to injection of amphetamine varied as a function of both radiation dose and age. For the 2-month-old rats, post hoc analysis using Fischer's protected t-test showed that a significant reduction in test-day sucrose intake compared with conditioning-day intake was observed at all radiation doses except for the rats exposed to 0.50 Gy of 56 Fe particles. None of the individual comparisons were significant in the 16-month-old rats.
Discussion
Considering initially the effects of age on conditioning-day sucrose intake in the control (non-irradiated) rats, the data show that there is a significant decrease in intake as a function of age. This decrease has not been reported by previous investigators who have studied the effects of aging on taste aversion learning. The reasons for the decreased intake in the current study are not immediately obvious. One possibility is that may be related to the fact that the present experiment utilized F-344 rats from the N.I.A.-supported colonies in contrast to the other previous studies which utilized Wistar rats (Misanin et al. , 2002a Glowa et al. 1994; Guanowsky et al. 1983) . It is possible that adult and old F-344 rats respond differently to sucrose than do Wistar rats. While strain differences have been reported in the acquisition of a CTA, these studies have used young rats and the differences that are observed are on the effects of specific stimuli and manipulations on CTA learning (Grigson and Freet 2000; Foynes and Riley 2004; Kosten et al. 1994; Lancellotti et al. 2001) .
It is also possible that effect of aging on conditioningday sucrose intake is masked, to some extent, when the data are presented as preference score (Moron et al. 2002) or when a two-bottle test is used (Misanin et al. , 2002a Ingram and Peacock 1980; Guanowsky et al. 1983 ). Because of the difficulties associated with the use of an accelerator to irradiate the rats, the present experiment and related previous experiments (Rabin et al. 1998 have utilized a one-bottle test to decrease the possibility that the neophobic response of rats would interfere with the intake of the novel sucrose solution. While the use of a single-bottle test was adopted to minimize the neophobic response to the novel sugar solution, it still remains possible that the differences in conditioningday sucrose intake as a function of age may reflect agedependent changes in neophobia. Alternatively, it is possible that the deprivation schedule produced different levels of thirst as a function of the animal's age. The lack of pre-conditioning water intake does not permit the evaluation of these alternatives. However, research using S-D rats in which water intake was monitored indicates that exposure to different doses of heavy particles does not differentially affect water intake.
Despite the decreased conditioning-day sucrose intake in the older control rats compared with the 2-month-old rats, a significant reduction in test-day intake was observed in non-irradiated rats at all ages. As such, increasing age does not affect the ability of the rat to acquire an amphetamine-induced CTA. These results are consistent with the results of previous studies which have shown that older rats are more likely to acquire an aversion under a variety of conditions than are younger rats (Misanin et al. , 2002a Valliere et al. 1988; Ingram and Peacock 1980) . In the present experiment, the amount of the decrease in test-day sucrose intake was greatest in the 7-month-old rats. There was no further reduction in test-day sucrose intake in the 12-and 16-month-old rats, probably due to a "floor" effect which limited the reduction in test-day intake.
With regard to the effects of exposure to heavy particles on amphetamine-induced CTA learning, the present results show that exposing 2-month-old F-344 rats to 0.5 Gy of 56 Fe particles reduces the intensity of an amphetamine-induced CTA. These results are consistent with the results of previous experiments using Sprague-Dawley (S-D) rats, which also showed a disruption of amphetamine-induced CTA learning following exposure to 56 Fe particles (Rabin et al. 1998 . For the rats exposed to 0.5 Gy of 56 Fe particles (1 GeV/n), the test-day sucrose intake following injection of amphetamine was not significantly different than the conditioning-day intake, indicating a disruption of the amphetamine-induced CTA learning. Although the basic response to irradiation was the same, strain differences are shown as differences in the dose of heavy particle radiation needed to produce the disruption of CTA learning: 0.5 Gy for the F-344 rats compared with 0.8 Gy for the S-D rats exposed to 1 GeV/n 56 Fe particles. As shown in Fig. 2 , only the 2-month-old rats showed a significant disruption of amphetamineinduced taste aversion learning following exposure to 56 Fe particles. Exposing the 7-, 12-and 16-monthold rats to 56 Fe particles did not disrupt the acquisition of an amphetamine-induced CTA; there were reductions in test-day sucrose intake at all ages and doses. These results indicate that exposing older rats (7-, 12-and 16-months of age) to heavy particles did not produce any effects on CTA learning above those produced by the age of the animal.
Although the data are interpreted in terms of the disruption of amphetamine-induced CTA learning by exposure to 56 Fe particles, alternate interpretations are available. Grigson and collaborators (Grigson et al. 1998 (Grigson et al. , 2002 Schroy et al. 2005) have proposed that the treatment with drugs of abuse, such as cocaine, morphine and amphetamine, do not cause a taste aversion per se. Rather, treatment with these drugs suppresses intake of the normally preferred sucrose solution by interfering with the reinforcing aspects of the solution. In this interpretation, the sucrose becomes a conditioned stimulus predicting the forthcoming presentation of the more rewarding amphetamine. This effect, called the anticipatory contrast effect, is observed when saccharin is paired with drugs of abuse or when a weaker saccharin solution is paired with a subsequent stronger solution (Grigson and Freet 2000; Schroy et al. 2005) . Additional support comes from the observation that ibotenic acid lesions of the gustatory thalamus disrupt the avoidance of the saccharin produced by injection of drugs of abuse, but not by injection of lithium chloride (Grigson and Freet 2000; Schroy et al. 2005; Reilly et al. 2004) . Rabin et al. (1998) have reported similar results following exposure to heavy particles. Following exposure to 56 Fe particles, rats continue to show a lithium chloride-induced CTA, but fail to show a CTA following injection of amphetamine. This observation would be consistent with the anticipatory contrast effect hypothesis proposed by Grigson and collaborators. However, in contrast to the support provided by the selective effects of ibotenic acid applied to the gustatory thalamus or parabrachial nucleus, heavy particle irradiation affects the entire brain nonselectively. Although the studies using exposure to heavy particles are consistent with the anticipatory contrast effect hypothesis, the data do not provide unequivocal support. The present results, however, do indicate that the effects of treatment with amphetamine are consistent across all ages tested, and that there may be enhanced effects in the older rats.
Because the effect of exposure to 56 Fe particles is to produce "accelerated aging" (Joseph et al. 1992 (Joseph et al. , 1993 , it was hypothesized that there would be an interaction between age and irradiation in the 56 Feinduced disruption of amphetamine-induced CTA learning. The present results do not support this hypothesis. Exposure to the lowest dose of 56 Fe particles (0.50 Gy) did disrupt the acquisition of the dopamine-mediated amphetamine-induced CTA in the younger rats (2-months old), a finding that is consistent with previous research (Rabin et al. 1998 . However, a significant disruption of CTA learning was not observed in the older rats (7-, 12-, and 16-months old). For these animals, an age-related decrease in both unconditioned and conditioned sucrose intake seems to have been the primary effect. In contrast to the results observed with other endpoints and with younger rats, exposure to HZE particles did not produce additional effects on the acquisition of an amphetamine-induced CTA.
Previous research using a ground-based model for exposure to cosmic rays has shown that irradiation affects the functioning of the dopaminergic system (Joseph et al. 1992 (Joseph et al. , 1993 (Joseph et al. , 1999 and the behaviors that are dependent upon the integrity of that system Shukitt-Hale et al. 2000 . The radiation-induced changes are also characteristic of the aged organism. In general, the behavioral changes produced by exposure to heavy particles interact with the those that occur as a part of the aging process, such that 56 Fe-induced deficits in performance that are not observed in younger organisms are observed in older ones (Rabin et al. 2005) and lower doses of HZE particles are needed to produce deficits in older rats than are needed to produce equivalent deficits in younger ones (Rabin et al. 2007) . The results of the present experiment show that the disruption of an amphetamine-induced, dopamine-mediated CTA produced by exposure to 0.5 Gy of 56 Fe particles in 2-month-old rats does not occur in older F-344 rats, either radiated or nonirradiated. In contrast to other dopamine-mediated behavioral endpoints, the effect of exposure to HZE particles does not parallel the effects of aging in that aging does not disrupt the acquisition of an amphetamine-induced CTA. The factors that may be responsible for the discrepancy between the effects of exposure to 56 Fe particles and aging on CTA learning, compared with other behavioral endpoints, are not certain. It is, however, possible that the significant decrease in unconditioned sucrose intake as a function of aging interferes with the heavy-particle-induced disruption of the amphetamine-induced CTA.
In summary, there are two components to the present experiment: first, an evaluation of the effects of age on the acquisition of an amphetamine-induced CTA; and second, the possible interaction between age and heavy particle irradiation on amphetamineinduced taste aversion learning. With regard to the first hypothesis, the major finding of the present experiment is that aging is associated with a significant decrease in sucrose intake on the conditioning day. Despite the decrease in sucrose intake, all rats acquired a CTA following injection of amphetamine. With regard to the second hypothesis, exposure to 56 Fe particles disrupted the acquisition of a CTA only in the 2-month-old rats exposed to the lowest tested dose of radiation (0.5 Gy). There were no significant effects of irradiation in the older rats (7-, 12-, or 16-months old) on amphetamine-induced CTA. These results suggest that possible interactions between exposure to HZE particles and age may be dependent upon the specific endpoint under consideration.
